After incubation at 37 degrees C in the absence of Ca2+ ions, pathogenic strains of Yersinia spp. release large amounts of a set of plasmid-encoded proteins called Yops. The secretion of these proteins, involved in pathogenicity, occurs via a mechanism that involves neither the removal of a signal sequence nor the recognition of a C-terminal domain. Analysis of deletion mutants allowed the secretion recognition domain to be localized within the 48 N-terminal amino acids of protein YopH, within the 98 N-terminal residues of protein YopE, and within the 76 N-terminal residues of YopQ. Comparison of these regions failed to reveal any sequence similarity, suggesting that the secretion signal of Yop proteins is conformational rather than sequential. Hybrid proteins containing the aminoterminal part of YopH fused to either the alpha-peptide of beta-galactosidase or to alkaline phosphatase deprived of its signal sequence were efficiently secreted to the Yersinia culture medium. This observ... 
The translocation of proteins across the inner membrane of bacteria usually occurs via the secA, secY general pathway involving an amino-terminal signal sequence that is cleaved off during the translocation process. The release of proteins from the periplasmic space to the external milieu, through the outer membrane, occurs by other specific mechanisms (for review, see references 27 and 41) .
However, some proteins are translocated to the external medium, presumably in one step, by a different pathway that does not involve a classical signal sequence. These proteins include the hemolysins produced by strains of Escherichia coli, Serratia marcescens, Proteus vulgaris, and Morganella morganii (21, 29) , the leukotoxin of Pasteurella haemolytica (46) , and the cyclolysin ofBordetella pertussis (20) as well as extracellular proteases of Erwinia chrysanthemi and S. marcescens (13, 39) . The domain of these proteins that is recognized as an export signal lies in the 50 C-terminal amino acids (22, 30, 33) . It is not removed during secretion (16, 23) . Export occurs through the action of at least three specific translocation factors encoded by genes hlyB (or 1tkB, cyaB, prtD), hlyD (or 1tkD, cyaD, prtE), and tolC (or cyaE, prtF) (20, 32, 46, 49, 50) . HlyB has been identified as a member of a group of bacterial transport proteins which have extensive homology with the C-terminal cytoplasmic domain of HlyB, encompassing a predicted ATP-binding domain (1, 26) .
Colicins are another group of proteins secreted without signal sequence. However, their secretion is somewhat peculiar in that these proteins accumulate in the cytoplasm and are subsequently released via pseudolysis of the cell (4) .
When transferred from 25 to 37°C in a medium deprived of Ca2" ions, pathogenic yersiniae (Y. enterocolitica, Y. pseudotuberculosis, and Y. pestis) cease growing and release large amounts of a set of about 10 proteins called Yops. The growth restriction phenomenon and Yop protein production are encoded by a 70-kb plasmid called pYV ( Fig. 1 ) (for review, see reference 9). The name Yop originates from the initial detection of these proteins in outer membrane preparations of yersiniae (2, 40, 45) . However, Yops were subsequently found to be released in the extracellular milieu ( (18) and YopH (=Yop5l) from Y. enterocolitica (37) occurs without cleavage of a classical signal sequence. Furthermore, truncated YopH proteins lacking as many as 200 amino acids from the end of the molecule are still secreted, indicating that no hemolysinlike C-terminal recognition domain is involved in the secretion of Yop proteins by yersiniae (36) . Yops are thus released by a new specific mechanism (37) .
In the present work, we localize the secretion recognition domain on proteins YopH, YopE, and YopQ from Y. enterocolitica and show that the amino-terminal domain of YopH allows the efficient secretion of chimeric proteins.
MATERIALS AND METHODS
Bacterial strains and plasmids. The Y. enterocolitica 0:9 strain used in this study is the restriction mutant W22703
(nalidixic acid resistant) isolated earlier in our laboratory (10) . Cloned fragments of the yopH, yopE, and yopQ genes were from strain 439-80. The pYV plasmids from Y. enterocolitica W22703(pYVe227) and 439-80(pYVe439-80) are indistinguishable by restriction analysis. E. coli S17.1 and E. coli Sm10Xpir+ (38, 43) were used to mobilize oriT-containing plasmids into yersiniae. E. coli LK111 (received from M. Zabeau) and E. coli JM101 (51) were used for cloning experiments in lacZ'-containing vectors.
Plasmid pLG575 containing the hlyB and hlyD genes (34) was kindly provided by I. B. Holland. Plasmid pCH39 (28) was used as a source of truncated phoA gene, encoding a phosphatase lacking the signal sequence. pGP704 (38) or YopA. yopH = yopSl; yopE = yop2S; yopO = yop84; yopP = yop3O; yopQ = yop20; yopM-=yop48; yopD = yop37; yopB = yop44; lcrV = yop41 (encoding the V antigen). vir genes are clustered in a 20-kb region of the plasmid. These genes are involved in the coordinate regulation of Yop production as weli as in the low calcium response. incD is the partition and stabilization locus; repB,A and oriR? identify the replicon of the plasmid (47) . ylpA encodes a lipoprotein related to TraT (6).
Phasmids pBC18R and pBC19R (6) are mobilizable derivatives of pTZ18R and pTZ19R, respectively (Pharmacia). pUC19 (51) (Fig. 2) . pTM120 was cleaved by XbaI and subjected to nuclease Bal31 (Boehringer) deletion. Deletions arose bidirectionally from the junction between the end of the yopH moiety and the lacZ' gene (Fig. 2) . After Bal3M digestion, the DNA was made blunt-ended with Klenow enzyme, circularized in the presence of an excess of phosphorylated XbaI linker (CTCTAGAG) (Pharmacia), and used to transform E. coli S17.1. Recombinants were selected on MacConkey plates containing ampicillin. The plasmid content of 120 recombinants was analyzed by XbaI-EcoRV restriction to estimate the extent of the deletion and to check for the presence of an inserted XbaI linker. For eight deletion mutants, the extent of the deletion was determined by sequencing the 3' end of the deleted gene. Sequence was determined from the XbaI linker inserted at the end of the deletion, after subcloning XbaI-HincII or XbaI-AvaI fragments into pTZ or M13 derivatives.
Deletion mutagenesis of yopE. pPW6 is a pBC19R derivative carrying a 679-bp EcoRI-PstI restriction fragment of plasmid pYVe439-80 (coordinates 1 to 679 of the sequence presented in Michiels et al. [37] However, due to the procedure followed for deletion mutagenesis, up to 60 adenyl residues occurred at the end of the truncated gene, thus encoding poly(lysin)-tailed truncated YopE proteins.
Deletion mutagenesis ofyopQ. Deletions in gene yopQ were isolated by the method of Dale et al. (12) from plasmid pTM170. pTM170 is a pBC19R derivative carrying a 1,653-bp HindIII-BglII fragment of the pYVe439-80 plasmid, containing the yopQ promoter and the entire yopQ coding region (coordinates 1 to 1653 of the sequence presented in Michiels et al. [37] homologous recombination by using pGP704, a suicide vector constructed by Miller and Mekalanos (38) . An Asp 718-XhoI fragment from pTM162 carrying the yopH-phoA hybrid gene was inserted at the Asp 718-SalI sites of pGP704, giving pTM164. The Asp 718-XbaI fragment corresponding to the yopH moiety of pTM164 was then replaced by Asp 718-XbaI fragments encoding 7 or 65 N-terminal residues of YopH, giving pTM166 and pTM179, respectively. A BamHI fragment from pGV707, containing the kanamycin resistance gene of TnS, was cloned at the BglII site of pTM164, pTM166, and pTM179. The recombinants, pTM188, pTM189, and pTM190, are thus kanamycin-resistant derivatives of pGP704 encoding hybrid YopH-PhoA proteins with, respectively, 48, 7, and 65 N-terminal residues of YopH. The PhoA moiety starts at residue 6 of the mature PhoA protein. These constructs were integrated in the wild-type pYVe227 plasmid by a single cross-over at the level of yopH. The recombinants thus expressed the yopHphoA hybrid gene from the wild-type yopH promoter.
Expression of recombinant genes in yersiniae. The recombinant plasmids to be tested were mobilized from E. coli S17.1 or SM0lpir+ (38, 43) to Y. enterocolitica W22703 containing the pYVe227 plasmid. Yersinia strains containing both the pYVe227 plasmid and the test plasmid were grown at 28°C and subsequently incubated for 4 h at 37°C to induce Yop production and secretion. Cultures were done in brainheart infusion broth (Difco, Detroit, Mich.) supplemented with 0.4% glucose and either 20 mM sodium oxalate plus 20 mM MgCl2 (BHI-Ox) or 5 mM CaCl2 (BHI-Ca). Cultures conditions and protein preparations were as described by Comelis et al. (11) . Proteins were analyzed by Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. The concentration of acrylamide in the separation gel was 12 to 14% for general purposes and 14 to 20% for the detection of truncated proteins.
DNA-sequencing, RNA extraction, and analysis were performed as described by Michiels and Cornelis (36) . Sequence analysis was performed on a micro VAX computer with the package of Claverie (8) . Hydrophobicity was plotted by using the FAST program of Facchiano et al. (15) . Hydropathy scales were from Kyte and Doolittle (31) and from Eisenberg et al. (14) . The Chou and Fasman (7) algorithm was used for prediction of secondary structures.
Immunodetection of hybrid YopH-PhoA proteins was performed as described by Sory et al. (44) . The serum against PhoA was obtained by immunization of a rabbit three times with 1 mg of E. coli alkaline phosphatase (USB, Cleveland, Ohio).
RESULTS
Localization of the secretion signal of YopH. To localize the region of YopH (51 kDa) that is involved in the secretion process, we constructed a series of deletions in a cloned yopH gene by using Bal31 nuclease. These deletions created genes encoding YopH proteins truncated from the C-terminal end. Twenty-three mutants containing deletions in the selected range (deletions shorter than 700 bp according to restriction analysis) were introduced into Y. enterocolitica W22703(pYVe227) and tested for truncated protein production. Seven mutants carrying pTM120 deletion derivatives (pTM120-2, pTM120-3, pTM120-10, pTM120-11, pTM120-87, pTM120-98, and pTM120-110) were found to release proteins with molecular masses ranging from 28 (Fig. 3) .
The extent of the deletion was sequenced in the critical mutants: the three smallest genes encoding secreted proteins (pTM120-11, pTM120-87, and pTM120-110) and the five longest genes encoding nonsecreted proteins (pTM120-89, pTM120-90, pTM120-94, pTM120-95, and pTM120-117). As summarized in Fig. 2 a hybrid protein with a calculated molecular mass of 27 kDa.
As a control, we tested in parallel pTM159, another pBC18R derivative containing a yopH-lacZ' gene fusion downstream of the lac promoter. The latter recombinant retained an intact 5' end of yopH but lacked part of the yop promoter. Plasmids pTM157 and pTM159 were introduced into Y. enterocolitica W22703(pYVe227) and tested for the secretion of the recombinant proteins. According to the SDS-PAGE analysis of the secreted proteins, plasmid pTM157 did not direct the secretion of the hybrid protein while the control plasmid did (data not shown). Hence, the alteration of the N-terminus prevented the secretion of the hybrid protein.
Localization of the secretion signal of YopE and YopQ. In order to determine whether the secretion signal of proteins YopE and YopQ also lies in the' N-terminal region, we produced a series of deletions from the 3' end of both the yopE and yopQ genes by the method of Dale et al. (12) (Fig.  2) . A deletion mutant encoding 98 residues of YopE was found to direct the secretion of a truncated protein. Several shorter truncated genes were obtained. However, due to the method used in this experiment, these genes were found to encode poly(lysine)-tailed proteins. These proteins could not be detected in the extracellular milieu. The absence of secretion of these proteins could be due either to removal of part of the signal or to the presence of the polycationic tail, which is expected to interfere with translocation. In conclusion, this experiment shows that the secretion signal of YopE is included within the 98 N-terminal amino acids of the protein.
Four yopQ deletion mutants were generated on a pBC19R Analysis of the Yop secretion signals. In an attempt to identify individual residues of the N-terminal recognition domain that are involved in the secretion process, we searched for sequence homology between the 50 N-terminal residues of YopH, the 100 N-terminal residues of YopE, and the 80 N-terminal residues of YopQ, which were found to contain the secretion recognition domain (Fig. 4) . No succession of conserved amino acids longer than two residues could be found between the regions involved in the secretion of these proteins. Furthermore, no striking similarity was detected when these sequences were compared with respect to hydropathy, to the presence of charged residues (Fig. 4  and 5 ), or to the predicted secondary structure (data not shown).
Southern blot hybridization with hemolysin export determinants. We searched the genome of Y. enterocolitica for the presence of genes similar to those encoding HlyB and HlyD, the factors responsible for the export of hemolysins in E.
coli. Total DNA from Y. enterocolitica as well as the purified pYV plasmid was analyzed by Southern blot with plasmid pLG575 as a probe. No sequence with at least 60% identity to hlyB or hlyD could be detected (data not shown), indicating that the genes responsible for the export of Yops are different from those involved in hemolysin secretion.
Secretion of hybrid proteins. A series of hybrid genes were constructed by joining in phase various portions of the yopH gene either with gene lacZ', encoding the cytoplasmic a-peptide of the P-galactosidase, or with a phoA gene encoding an alkaline phosphatase deprived of its signal sequence (Fig. 6 ). These constructs were tested for secretion of the chimeric protein. As summarized in Fig. 6 , chimeric proteins containing 48, 65, or 154 N-terminal amino acids of YopH fused to the a-peptide were detected in the culture supernatant. The situation is somehow different for hybrid proteins involving the alkaline phosphatase. When the hybrid proteins were encoded by a multicopy plasmid, those containing 154 (pTM126) or 65 (pTM165) residues of YopH were secreted while those containing 48 (pTM162) or 7 (pTM300) residues of YopH were not secreted but accumulated inside the cell.
To avoid any bias due to the use of multicopy plasmids, we subcloned the yopH-phoA hybrid genes containing 7, 48, or 65 codons of yopH in the suicide vector pGP704. The recombinants were then integrated in the pYVe227 plasmid by a single cross-over. In order to evaluate the proportion of intra-and extracellular hybrid proteins produced, total cell proteins and supernatant proteins were analyzed by immunoblot with a serum raised against the E. coli alkaline phosphatase (Fig. 7) . Transcription of the hybrid genes was monitored by Northern (RNA) blot, with an 800-bp fragment of phoA as a probe (data not shown). The hybrid protein containing the 65 N-terminal amino acids of YopH was only detected as a trace in the cell fraction, while it was recovered from the supernatant in amounts comparable to those of intact YopH. The hybrid containing 48 amino acids was found intra-and extracellularly in a ratio of about 50% + 20%. The hybrid with seven YopH residues was not secreted at all but was present in very low amounts in the cell. Northern blot analysis showed that transcription of the hybrid gene was strong but not as strong as for the other hybrids. We unstable. The reason transcription was lower than for the other fusions is not known. It is noteworthy that most of the hybrid proteins appeared on SDS-PAGE as two individual bands. The meaning of this is not understood.
Effect of Ca2+ ions on the secretion of hybrid proteins. Since the hybrid YopH-PhoA proteins were much more soluble than the wild-type YopH, hybrid proteins from the supernatant could easily be dissociated from cellular proteins. We took advantage of this to evaluate the role of Ca2" ions in the secretion process. When 5 mM Ca2+ was added to the culture medium, the transcription of yopH-phoA was slightly decreased (data not shown). However, hybrid proteins were totally absent from the supernatant but were detectable in the cell fraction, reinforcing our previous assumption (11) that Ca2+ inhibits the secretion process, either directly or indirectly (Fig. 7) .
DISCUSSION
In this work, we showed that the information required for the secretion of protein YopH by yersiniae lies within the 48 N-terminal amino acids of the sequence. However, this region does not display the characteristics of a typical signal sequence (3, 36, 48) and it is not cleaved during the secretion process (37) .
A truncated protein containing the 43 N-terminal residues of YopH could not be detected in culture supematants, suggesting that the region essential for export extends to between 43 and 48 residues. However, the lack of detection of proteins shorter than 48 residues long could also result from instability, degradation, or high solubility rather than from the absence of the secretion recognition domain. We thus cannot exclude the possibility that the actual recognition domain is somewhat shorter than 48 residues. Hybrid YopH-PhoA proteins containing the first 48 residues of YopH were partly secreted and partly cell associated, which supports the idea that 48 residues are about the limit for the secretion signal. Any constraint imposed by the PhoA moiety of the protein on the structure of the signal would inhibit or interrupt the secretion process. The fact that these proteins are not degraded when kept intracellularly could suggest that the proteins already entered the secretion apparatus, where they would be protected from protease activity. Accordingly, the hybrid protein that contained only seven residues of YopH appeared to be degraded in the cell. This protein was probably not recognized by the secretion apparatus.
The N-terminal end of the protein appears to be required for export, since a protein in which the six N-terminal residues were replaced by the 12 N-terminal residues of the 3-galactosidase of the vector was not detected in the culture supernatant.
Protein YopE from Y. pseudotuberculosis YPIII was also reported to be secreted without a signal sequence (18) . In view of the high homology between this protein and protein YopE of Y. enterocolitica (95% conserved amino acids) (18, 19, 37) , it is likely that YopE from Y. enterocolitica also lacks a cleaved signal sequence. We showed here that the secretion signal of protein YopE also lies at the N-terminus of the protein (98 residues). Similarly, the secretion signal of YopQ was found to be contained within the 76 N-terminal residues.
In order to unravel the nature of the secretion signal of Yops, we examined the N-terminal sequences of YopH, YopE, and YopQ for sequence homology. These peptidic sequences were found to lack any obvious homology: no amino acid sequence longer than two residues was conserved between two of the sequences, which strongly suggests that the secretion signal is conformational rather than sequential. These regions were also found to differ in their hydrophobicity, the position of charged residues, and predicted secondary structure.
Only a few proteins secreted by gram-negative bacteria were shown to lack a classical signal sequence. These include hemolysins and proteases (13, 16, 23) . All these proteins are secreted by a specific mechanism involving the recognition of a carboxy-terminal domain about 50 amino acids long (22, 30, 33, 50) , which contrasts with the N-terminal location of the secretion recognition domain of Yops. The recognition of the hemolysin C-terminal secretion signal was suggested to occur through the recognition of a series of properties. These include a succession of eight hydrophobic residues, a 26-residue region rich in hydroxylated amino acids, an amphiphilic helix, and a short conserved sequence (30) . Such structures were not obvious in the N-terminus of YopH, YopE, and YopQ, suggesting that other structures are involved in the recognition by the secretion system of yersiniae. This observation correlates with the fact that no homology above 60% was detected by Southern blot hybridization between the genome of yersiniae and plasmid pLG575 encoding HlyB and HlyD, the factors responsible for hemolysin secretion. Thus, it appears that yersiniae contain a new type of secretion machinery that must be very powerful since it allows the secretion of about 300 ,ug of protein per ml of culture in 4 h of incubation at 37°C (37) .
Hybrid proteins containing the N-terminal part of YopH fused either to the cytoplasmic a-peptide of the ,B-galactosidase or to the periplasmic alkaline phosphatase were efficiently secreted to the supernatant of pYVe227-containing yersiniae. The presence of 48 residues of YopH was sufficient to promote the secretion of the chimeric YopH-cxpeptide and YopH-PhoA proteins. However, the efficiency of the secretion process was variable and very sensitive to several parameters, such as the copy number of the vector and the length of the Yop moiety.
Yersiniae were proposed as live oral carriers for the delivery of foreign antigenic determinants (44) . The construction of Yop protein fusions could present some advantage in this respect since the secretion of the protein might favor the presentation of the antigen to the immune system. The export system of yersiniae could also be useful in the production and purification of hybrid proteins. Two advantages of using the Yops export machinery are the strength of the yop promoters and their conditional expression, which prevents instability of the constructs.
